JourRNAL oF GEOPHYSICAL REsEArcH, Srace PHysics

Vor. 74, No. 5, MarcH 1, 1969
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M. A. ScuieLD?

Department of Space Science
Rice University, Houston, Texas 77001

An evaluation of the subsolar pressure balance between the solar wind and the geomagnetic
field shows that the average proton denmsity of the quiet-day solar wind (300-400 km/sec)
should be between 6 and 10 p/cm®. Even during storm times the proton density should always
be between 2 p/cm® and 70 p/cm®. The relation between the interplanetary solar-wind param-
eters and the stagnation pressure is reviewed. The subsolar geomagnetic field, including the
quiet-day ring current field, is evaluated as a function of subsolar distance. The quiet-day ring
current is based on the dipole gradient-drift motion of the low-energy protons observed by
Davis and Williamson and by Frank. This quiet-day ring current has a magnetic moment of
026 Mg and produces a 41~y decrease at the earth’s surface. A geomagnetic field normalization
of observed boundary distances is also proposed to remove the effects of the dipole tilt to the

solar wind.

INTRODUCTION

The size of the magnetosphere and the pres-
sure of the solar wind are related by the pressure
balance equation p + B?/2p, = constant. For a
field-free solar wind and a plasma-free geomag-
netic field this equation reduces to p, = B,*/2p..
The subsolar solar-wind pressure p, was first
calculated by assuming specular reflection of the
noninteracting ions and electrons and was given
by po = 2 pv* where p is the mass density and »
is the solar wind velocity. The subsolar geomag-
netic field B, was first assumed to be twice the
tangential component of the subsolar dipole field
in analogy with the confinement of a dipole field
by a plane boundary. A self-consistent solution
of the Chapman-Ferraro problem [Mead and
Beard, 1964] indicated that the geomagnetic
field was actually 2.44 times the dipole field at
the subsolar point [Mead, 1964]. See Beard
[1964] for a review. On these bases a 400-
km/sec solar wind containing about 2.4 p/cm®
would confine the geomagnetic field to a subsolar
distance of 11 R,.

However, this conclusion is based on Chap-
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man-Ferraro theory, which assumes that the
solar plasma is noninteracting and field-free and
assumes that the geomagnetic field is free of in-
ternal plasma. Observations of the solar wind
[Wilcox et al., 1967], of plasma energy densities
within the magnetosphere [Davis and William-~
son, 1963; Frank, 1967], and of the geomag-
netic field [Mead and Cahill, 1967] indicate
these assumptions are not satisfied. The purpose
of this paper is to evaluate the pressure balance
between the shocked solar wind and the mag-
netosphere with its internal plasma. The solar
wind pressure necessary to confine the mag-
netosphere to a given subsolar distance is cal-
culated. The proton number density of the solar
wind is deduced from observations of the size
of the magnetosphere and the velocity and com-
position of the solar wind and is compared with
observations,

SoLAR WIND PRESSURE

The body pressure p, of the shocked solar
wind on the subsolar point of the magnetosphere
may be related to the interplanetary solar wind
momentum flux pv® at 1 AU by a solar wind
pressure coefficient K defined by K = po/pv’.
The value of K depends upon the model of the
solar wind. See Spreiter et al. [1966] for a re-
view. In the steady-state condition the zero-
temperature, field-free solar wind has a K of 2
appropriate to an elastic collision. In the gas-
dynamic approximation (B = 0) for a blunt-
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nosed obstacle in a hypersonic stream, K is
0.844 for vy = 2 and 0.881 for vy = 5/3.

‘When the solar wind passes a magnetic field in
aligned flow the stagnation pressure is given by
Pmac®/(p0°) =1 — (Y2)e [1 + 2/((y — 1) M*)]
where e = (y — 1)/(y + 1) and p* = p +
B*/2u, [Lees, 1964; Hayes and Probstein, 1959,
p- 14]. For hypersonic flow (M* >> 1) this rela-
tion reduces to 5/6 (0.832) for y = 2 and to 7/8
(0.875) for y = 5/3.

If the interplanetary field has a component
perpendicular to the free stream velocity vector,
the gasdynamic approximation breaks down at
the stagnation point [Alksne, 1967]. When the
interplanetary field is antiparallel to the subsolar
geomagnetic field, the total stagnation pressure
is (2/3)pv® for y = 2 [Lees, 1964]. No coeffi-
cient is presently available for the parallel or
perpendicular cases.

GEOMAGNETIC F1ELD PRESSURE

The geomagnetic field is the sum of the earth’s
internal field, the magnetospheric surface-
current field, and the field produced by plasmas
within the magnetosphere of which the quiet-day
and storm-time ring currents are examples. The
ratio of the subsolar geomagnetic field B, to
the subsolar dipole field B, is nearly independent
of the subsolar distance in simple magneto-
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Fig. 1. Radial distribution of plasma energy

densities observed by Davis and Wrillilamson
[1963]1 and by Frank [1967]. The parameters and
the resultant functional forms used to describe
these energy densities are also illustrated. Future
observation of protons between 50 and 100 kev
should fill in the gap in energy density around
L =5.
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Fig. 2. Equatorial field of the quiet-day ring
current obtained as the sum of the fields pro-
duced by the high- and low-energy components of
the magnetospheric plasma. Inclusion of protons
between 50 and 100 kev should smooth out the
bump at L = 5.

spheric models and will be designated by 2f
[Ferraro, 1960]. In an image dipole magneto-
sphere f equals 1, while for a two-dimensional
line dipole confined by a streaming plasma f is
less than 1 [Chapman, 1963]. In the Mead-
Beard magnetosphere, which contains no internal
plasma and no neutral sheet, B,/B, equals 2.44
so that f equals 1.22 [Mead, 1964].

The field of the quiet-day ring current is
derived and discussed in the Appendix. This
ring current is based on low-energy proton
energy densities measured by Davis and Wil-
liamson [1963] and by Frank [1967]. These
energy densities, illustrated in Figure 1, are
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Fig. 3. Sum of the quiet-day ring current field
and the earth’s dipole field versus equatorial dis-
tance.
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assumed to be symmetric and moving in a
dipolar magnetic field. The equatorial quiet-day
ring current field, illustrated in Figure 2, pro-
duces a 41-y decrease at the earth’s surface and
8 maximum decrease of 58 y at 3.5 Rs. The
equatorial ring-current field changes sign at 9
Ry and enhances the dipole field by 8 to 10 y
between 10 and 11.5 R,. The sum of the dipole
field and quiet-day ring current field is shown in
Figure 3. This quiet-day ring current field is
consistent with satellite observations [Mead and
Cahill, 1967], illustrated in Figure 4. The net
external field caused by the ring current and
magnetopause currents is shown to be con-
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sistent with the external field statistically de-
rived from ground-based observations [Cain,
1966]. The quiet-day ring current has a total
magnetic moment of 0.26 1{,. Between 10 and
12 Rg, the ring current field enhances the
equatorial dipole field by 25% to 35%, whereas
along the polar axis, the dipole field is enhanced
by 159% to 179% over the same radial region.

To calculate the subsolar geomagnetic field
while including internal plasmas, the entire
problem should be reworked self-consistently.
However, the zeroth-order effect of this ring
current field is to enhance the earth’s dipole
moment by 26% beyond 10 R,. By neglecting
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Fig. 4. Difference between the observed geomagnetic field within 30° of the subsolar axis
for DST < 10 v and the theoretically predicted geomagnetic field [Mead, 19641 assuming
no internal plasma [Mead and Cahill, 1967]. The field of the quiet-day ring current (Figure 2)

is capable of explaining this difference.
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higher-order effects, the shape of the magneto-
sphere remains unchanged from that obtained
by Mead and Beard. In this case, the subsolar
geomagnetic field continues to be 2.44 times the
internal field, which now includes both the
dipole and ring current fields. The ratio B,/Ba
is now 26% greater than 2.44 so that in the
self-consistent magnetosphere with this quiet-
day ring current field f equals 1.54. Considera-
tion of the nondipolar aspect of the ring current
field would increase both the ring current field
and the surface currents in the equatorial plane,
thus increasing the subsolar geomagnetic field at
the boundary.

Normalization of subsolar boundary distances.
Since the subsolar geomagnetic field is also a
function of subsolar latitude A,,, the subsolar
boundary distances must be normalized to re-
move this variation. When the dipole axis is
perpendicular to the solar wind the geomagnetic
field pressure in the noon meridian plane is
proportional to cos®A over the region where the
magnetospheric boundary is circular [Figure 7;
Mead, 1964]. This relation is based on the equal-
ity of the geomagnetic pressure and the solar
wind pressure. If the subsolar geomagnetic field
is agsumed to be equal to the geomagnetic field
at that same latitude for A,, = 0°, the normali-
zation factor is cos™’A,,. This total-field nor-
malization increases observed boundary dis-
tances by up to 7%.

The dipole normalization used by Ness et al.
[1964] and by Patel and Dessler [1966] de-
creased boundary distances by up to 12%. Their
normalization assumed the subsolar geomagnetic
field was proportional to the total magnitude of
the subsolar dipole field. The total-field nor-
malization presented here is equivalent to assum-
ing that the subsolar geomagnetic field is pro-
portional to the angular component of the sub-
solar dipole field.

Storm-time ring current field. Beyond 7 Rp
the ratio between the storm-time ring-current
field and the earth’s dipole field may be de-
seribed by (—DST/700 y) in the equatorial
plane. This ratio assumes the induction field
produces a third of the total DST but no sig-
nificant field beyond 7 Rs [Kavanagh, 1967;
1968]. For a constant solar wind pressure a
storm-time ring-current field with DST ~ —180
y would increase the subsolar distance by about
89%, a DST of —500 y would increase the sub-

M. A. SCHIELD

solar distance by about 209 . However, the dis-
turbance field at the earth can be enhanced by
up to a 100 y if the magnetopause expands from
6 to 10 Ry [Mead, 1964].

Large subsolar distances often occur during
the recovery phases of geomagnetic storms
[Freeman, 1964]. Unless the storm is quite
large (DST <& —180 v), it appears that a de-
crease in the solar wind pressure after the high-
Pressure geomagnetic storm condition must be
the primary cause of these large subsolar dis-
tances rather than the internal pressure of the
main-phase ring current.

Tail current field. 'The field produced by the
tail currents forming the neutral sheet opposes
the subsolar geomagnetic field. A split solenoid
model of these tail currents is illustrated in
Figure 5. The field a tail radius ahead of this
configuration along the axis is 5% of the tail
field. For tail fields of less than 30 y with an
inner edge at 10 Rp, and a tail radius of 20 Ry
the subsolar tail current field is less than 1.5 y.
This southward-directed tail field is less than
the northward-directed nondipolar component
of the quiet-day ring current field and is, there-
fore, neglected.

Under the same conditions the trunecated cur-
rent sheet model [Williams and Mead, 1965]
would produce a 22-y tail field at the subsolar
point when the sheet has an outer edge of 200
Ry. However, this model is unsatisfactory be-
cause the current loop is completed entirely at
infinity and not on the surface of the magneto-
sphere, giving the length of the geomagnetic

Fig. 5. Split solenoid model of the tail cur-
rents. The field measured on the axis ahead of
this semi-infinite configuration is given by B(2) =
e/ /20)[In[(1 4 a)/(1 — a)]1—2a] where
a = [1 4 (2/a)?1“Y® = sin ¢ (J. Midgley, per-
sonal communication).
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TABLE 1. Solution of m* = [2B.R,1?/(2uum+*) Where B, = 0.31 Gauss
Solar Wind Subsolar Distance in Earth Radii

Velocity,

km/sec 12 11 10 9 8 7 6
300 3.40 5.74 10.2 19.1 38.8 86.4 218.
400 1.91 3.23 5.72 10.8 21.8 48.6 123,
500 1.23 2.06 3.66 6.88 14.0 31.1 78.4
600 .85 1.43 2.54 4.78 9.69 21.6 54.4
700 .63 1.05 1.87 3.51 7.12 15.9 40.0
800 .48 .81 1.43 2.69 5.45 12.1 30.6

tail an unrealistic influence on the subsolar tail
field.

PRESSURE BALANCE

The resultant pressure balance equation is
given by

KPU2 = (2fBoRb_3)2/2ﬂo

where K and f are based on the models of the
solar wind and geomagnetic field, respectively.
B, is the equatorial dipole field and R, is the
subsolar boundary distance. The assumption
that the magnetopause is a tangential discon-
tinuity appears to be valid most of the time
[Sonnerup and Cahill, 1968]. The pressure of
the plasmas just inside the magnetopause has
been mneglected although their presence will in-
crease the solar wind pressure necessary to
confine the geomagnetic field.

The mass density may be expressed in terms
of an effective number density n* where n¥ =
p/m, [Mead, 1964]. For a neutral proton-elec-
tron gas, n* iz the number density of each,
neglecting m,/m,. Table 1 illustrates the re-

quired number density n,* for the inelastic
collision (K = 1) and image dipole (f = 1)
models at selected subsolar, distances and solar
wind velocities.

The effective number densities for other values
of K and f are related to n,* by n* = (F/K)n.*.
Table 2 illustrates various values of the factor
(f/K) based on various models previously dis-
cussed. These results may be summarized by

n*(no./cm®)*(100 km/sec)(R,/10)°
= 91.45(/K)
OBSERVATIONS AND DISCUSSIONS

The average solar wind velocity ranges from
300 to 800 km/sec but during quiet times is
between 300 and 400 km/sec. See Liist [1967]
for a review of the properties of interplanetary
space. The helium-hydrogen ratio varies be-
tween 0% and 15% and averages about 5%.
The solar wind is normally hypersonic (M* >
1) since the thermal energy density nkT is
19%-29% of the streaming energy density pv*
and there is generally equipartition of energy

TABLE 2. Values of the Factor (f2/K) for Various Models

f = B,/2B,
Self- Self-Consistent
Image Consistent Dipole and
Dipole Dipole Ring Current
K = po/(p?) 1.00 1.22 1.54
1.000 inelastic collision 1.00 1.49 2.36
0.881 gasdynamic v =5/3 1.14 1.69 2.68
0.875 aligned flow 1.14 1.70 2.70
0.844  gasdynamic 1.18 1.76 2.80
0.832 alignedflow ) y = 2 1.20 1.79 2.84
0.667  antiparallel 1.50 2.23 3.54
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between the thermal energy density and the
magnetic field energy density.

The measurements of the proton density in
the quiet-time solar wind appear to fall into
two groups depending on the type of instrument
utilized. The curved-plate analyzer measure-
ments(Mariner 2 and 4, Wolfe on IMP 1 and 2,
and Pioneer 6, Vela 2 and 3) indicate the quiet-
time solar wind proton density is between 1
and 5 p/cm®. The Faraday cup measurements
(Bridge on IMP 1, Mariner 4, and Pioneer 6)
indicate the proton density of the quiet-time
solar wind is between 5 and 10 p/em® [Wilcox
et al., 1967; Lazarus et al., 1966].

The subsolar extent of the magnetopshere has
been analyzed by Ness et al. [1964] and by
Patel and Dessler [1966]. Both used the dipole
normalization discussed previously. A subsolar
radius of 1025 Rz provided the best fit of the
IMP 1 data to the theoretical shape of the mag-
netosphere. For 60 boundary crossings within
75° of the subsolar point, Patel and Dessler
deduced subsolar radii between 6.9 and 11.5 R,.
Since all of these observations were made during
the winter, the use of the total field normaliza-
tion would increase these values by up to 20%.
On this basis, the average subsolar distance is
expected to be between 10.5 and 11 Rj.

If the number density ratio of helium to
hydrogen is taken as 10%, the proton number
density is 71.5% of the effective number density
since n, = n*/(1 4+ 4 n./n,). On the basis of
the pressure balance relation, this 400-km/sec
solar wind must have between 6.2 p/em® and
8.2 p/em® to contain the geomagnetic field to a
subsolar distance of 11 R, and have between
110 p/em® and 14.5 p/em?® for a subsolar dis-
tance of 10 Rp.

Although these values are in direct disagree-
ment with some curved-plate analyzer observa-
tions, they are in agreement with the MIT
plasma cup measurements [Lazarus et al., 1966]
and with group path measurements [Eshleman
and others, 1966]. Using Pioneer 6 the problem
of correcting for ionospheric electrons was
solved by utilizing a source that is continuously
moving away from the earth. Near the earth’s
oribt the average interplanetary electron num-
ber density was determined to be between 8
and 9 e/em® with an rms deviation of 4.4 e/cm®.

It is, therefore, concluded that the quiet-day
solar wind (350400 km/sec) has an average
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proton density of about 6 to 10 p/em®. Further-
more, the proton density must always be greater
than 2 p/em® unless the solar wind velocity
exceeds 800 km/se¢c and the subsolar radius
simultaneously exceeds 11 Rs. The proton den-
sity should always be less than 70 p/em?® unless
the subsolar radius is less than 6 R, while the
solar wind veloeity is less than 800 km/sec.

ArpEnpix. TaE Quier-Day Ring CurreNT

Plasma energy densities and currents. The
radial distribution of plasmas having sufficient
energy density to contribute signifieantly to the
quiet-day ring current are illustrated in Figure 1.
Hoffman and Bracken [1965] noted that, owing
to a recalibration of the detectors, the Davis
and Williamson fluxes and, therefore, their
energy densities, should be increased by 25%.
However, Davis and Williamson [1966] ob-
served that the flux has a variation of 25%
and that particles below 300 kev have decreased
by 25% between 1961 and 1965. Therefore, the
energy densities deduced by Hoffman and
Bracken have been utilized as originally pre-
sented. Frank’s data were taken at a geomag-
netic latitude of 22° =+ 2° and for 5 < L < 11
were taken within 15° of the dusk meridian.

The analysis of the ring currents produced by
plasmas in the dipole field is simplified when
the equatorial energy density is fit to the form
NE = (NE)exp{—[g9: (L — 1)]*} where §
equals 1 for L < r, and i equals 2 for L > r,
(see Akasofu and Chapman [1967] and refer-
ences therein). A flux distribution of the form
f(B, ¢) = sin® pB~*, where ¢ is the pitch angle,
has proven to be both convenient and realistic
in fitting particle distribution. Thus in this
model the five parameters N,E, 1, , ¢:, and g,
completely specify the ring current and its
associated field.

Hoffman and Bracken determined that the
values N.E = 138 kev/em®, r, = 3.5, « = 2.5,
g = (1 Ra)™?, go = (125 Ry)™ provided a
‘best fit’ to plasmas above 100 kev. They also
found that in this energy range a decreased with
decreasing energy and with increasing distance.
Frank’s data has been fit by the parameters
r, = 7, and ¢» = ¢=(2 Rs)™. A knowledge of the
pitch-angle distribution is necessary to obtain
the equatorial energy density from that meas-
ured along the same field line at higher latitudes.
Detailed pitch-angle information is not yet
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available, but it is likely that « lies between 0
and 2. It has been assumed somewhat arbitrarily
that the maximum equatorial energy density
N.E is 25 kev/em® and that « equals 2. Since
this choice reflects the minimum equatorial
energy (@ = 0) and limits the particle distribu-
tion to low latitudes (e = 2), future data may
enhance the total energy of the quiet-day ring
current. Figure 1 also illustrates the values of
these functions versus L.

The derivation of the ring current field is
based on the integration over the resultant cur-
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rent density [Kavanagh, 1968; Appendix A].
A computer calculation, prepared by Dr. Kava-
nagh, which assumes that all particles are con-
fined to a region bounded by the earth’s sur-
face and the dipole shell with L = 10 has been
used to determine the ring current field.
Properties of the ring current field. The
fields due to these ring currents are illustrated
in Tables 3-6. The field of the quiet-day ring
current is the sum of these fields. The equatorial
fields of these ring currents are shown in Fig-
ure 2. The sum of the earth’s dipole field and the

TABLE 3

Values of the theta component of the magnetic field in gammas produced by a ring current band of
charged particles described by the parameters: NoE = 25 kev/cm3, By = 7.0, 1 = g2 = (2 Bg)™, a = 2.0.
Negative values denote opposed in sense to geomagnetic field. By symmetry the theta component is zero

at 90° latitude.

Geocentric Latitude, deg
Distance,
Bgp 80 70 60 50 40 30 20 10 0
1.0 -3.7 -72 -10.5 -13.4 -159 -—-18.0 -—-19.4 —-20.3 —-20.6
1.4 -3.7 -73 -106 -—-13.5 -—-16.0 -—18.0 —19.4 —20.2 —-20.5
1.8 -3.7 -73 -10.7 -13.7 -—-16.1 -—18.0 -—19.3 —20.1 -20.3
2.2 -37 -73 -—-10.8 -—-13.9 -16.4 -—-18.2 -—-19.3 -—-19.9 -—20.1
2.6 -36 -73 -109 -143 -16.8 -18.3 -—19.3 -—-19.7 -19.9
3.0 -35 -—-71 -109 -148 -—-174 -—-185 -—193 -—-19.5 —19.6
3.4 -3.2 -6.7 -10.5 -15.0 -—-18.0 —18.8 —19.5 —19.4 -19.4
3.8 -2.9 -6.1 -98 -—-145 -180 -—-194 —20.1 -19.4 —19.3
4.2 —2.6 —5.5 -89 -—-13.2 -17.5 -20.6 -—-21.3 -—-19.6 —19.5
4.6 —-2.3 -—4.8 -7.8 -—-11.5 -16.8 -—-22.3 —23.0 -—20.3 —20.4
5.0 —2.0 -—4.2 -6.9 -—-10.1 -16.1 -—24.3 -25.0 -—-21.7 -—-22.1
5.4 -1.7 -3.6 —5.9 -9.1 -~-154 —-254 —-26.5 —23.9 —24.6
5.8 -1.4 -3.1 —5.1 —-8.1 —-14.0 —-24.8 —26.9 -—-26.6 —27.5
6.2 -1.2 -2.5 —4.2 —6.8 —11.9 -—-21.8 —25.6 —29.2 -—-30.0
6.6 -1.0 -2.1 —3.5 —5.5 -93 -16.9 -—-22.8 -—-30.9 -31.2
7.0 —-0.8 -—1.7 —2.8 —4.3 -6.7 -—-11.1 -—18.7 -—-30.7 -30.4
7.4 —0.6 -—1.3 -2.1 ~3.2 —4.4 —-5.6 -—14.1 —28.0 —27.2
7.8 —0.5 -1.0 —1.6 —2.2 —2.5 —1.6 —9.6 -—-22.8 -21.9
8.2 —-0.4 —0.8 —1.2 -1.5 —1.2 0.6 —5.6 —15.7 —15.2
8.6 —-0.3 -0.6 —0.8 —-0.9 —-0.3 1.5 —2.3 —8.0 —8.2
9.0 —0.2 0.4 —0.5 —0.4 0.3 1.8 0.4 —0.7 —-1.9
9.4 -0.1 -0.3 —0.3 -0.1 0.7 2.0 2.4 4.8 2.9
9.8 -0.1 -0.1 —0.1 0.2 0.9 2.2 3.7 8.0 6.1
10.2 0.0 -0.1 0.1 0.4 1.1 2.3 4.4 9.0 7.6
10.6 0.0 0.0 0.2 0.5 1.2 2.4 4.6 8.7 8.0
11.0 0.0 0.1 0.2 0.6 1.3 2.4 4.5 7.9 7.7
11.4 0.0 0.1 0.3 0.7 1.3 2.4 4.3 7.0 7.1
11.8 0.1 0.2 0.4 0.7 1.3 2.3 4.0 6.2 6.4
12.2 0.1 0.2 0.4 0.7 1.3 2.2 3.7 5.4 5.8
12.6 0.1 0.2 0.4 0.7 1.3 2.1 3.4 4.8 5.2
13.0 0.1 0.2 0.4 0.7 1.2 2.0 3.1 4.3 4.6
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TABLE 4

Values of the radial component of the magnetic field in gammas produced by a ring current band of
charged particles described by the parameters: NoE = 25 kev/cm?, Ry = 7.0, g1 = g2 = (2 Bg)™, « = 2.0.
Negative values denote opposed in sense to geomagnetic field. By symmetry the radial component is zero

at 0° latitude.

Geocentric Latitude, deg
Distance,
Rg 20 80 70 60 50 40 30 20 10
1.0 23.3 20.6 19.6 18.0 15.9 13.3 10.3 7.0 3.5
1.4 22.8 20.7 19.7 18.0 15.9 13.2 10.2 6.9 3.5
1.8 22.5 20.8 19.9 18.1 15.9 13.2 10.1 6.8 3.4
2.2 22.3 20.9 20.0 18.3 15.9 13.1 9.9 6.6 3.3
2.6 22.1 20.9 20.1 18.6 16.1 13.1 9.6 6.4 3.1
3.0 21.7 20.8 20.2 19.0 16.6 12.9 9.3 6.1 2.9
3.4 21.2 20.4 20.1 19.4 17.6 12.5 8.9 5.8 2.6
3.8 20.5 19.9 19.9 19.7 18.7 12.3 8.7 5.5 2.2
4.2 19.7 19.2 19.4 19.7 19.5 12.8 8.9 4.9 1.6
4.6 18.7 18.4 18.7 19.3 19.6 14.2 9.8 4.1 1.0
5.0 17.7 17.5 17.9 18.7 19.3 16.4 11.6 2.9 0.4
5.4 16.7 16.5 17.0 17.9 18.9 18.5 14.0 1.8 0.1
5.8 15.7 15.5 16.1 17.1 18.6 20.2 16.7 1.2 0.4
6.2 14.7 14.5 15.2 16.3 18.1 21.2 19.2 1.6 1.3
6.6 13.7 13.6 14.2 15.4 17.4 21.4 20.8 3.3 2.9
7.0 12.7 12.6 13.2 14.4 16.5 20.7 21.3 6.1 4.9
7.4 11.8 11.7 12.3 13.4 15.5 19.4 20.6 9.5 6.9
7.8 11.0 10.9 11.4 12.5 14.3 17.7 19.0 12.7 8.5
8.2 10.2 10.1 10.6 11.5 13.2 15.9 17.1 14.9 9.6
8.6 9.4 9.4 9.8 10.6 12.0 14.2 15.3 15.8 10.0
9.0 8.7 8.7 9.1 9.8 11.0 12.7 13.7 15.5 9.6
9.4 8.1 8.0 8.4 9.0 10.0 11.3 12.3 14.4 8.8
9.8 7.5 7.4 7.7 8.3 9.1 10.1 11.0 12.7 7.7
10.2 7.0 6.9 7.1 7.6 8.3 9.1 9.8 11.0 6.5
10.6 6.5 6.4 6.6 7.0 7.5 8.2 8.7 9.4 5.5
11.0 6.0 5.9 6.1 6.4 6.9 7.4 7.8 8.0 4.7
11.4 5.6 5.5 5.7 5.9 6.3 6.7 6.9 6.8 4.0
11.8 5.2 5.1 5.2 5.5 5.8 6.0 6.2 5.8 3.4
12.2 4.8 4.8 4.9 5.1 5.3 5.5 5.5 5.0 2.9
12.6 4.5 4.4 4.5 4.7 4.8 5.0 4.9 4.4 2.5
13.0 4.2 4.1 4.2 4.3 4.4 4.5 4.4 3.8 2.2

quiet-day ring current field in the equatorial
plane is shown in Figure 3. It is interesting to
note that this first-order calculation may be
rather self-consistent in the sense that the gradi-
ent of the total field never changes sign.

The magnetic moment of this quiet-day ring
current is 026 My, based on the value of the
ring current field at large distances (50-130 Rjy).
The low-energy particles (£ < 50 kev) being
located at twice the radius of the higher energy
particles produce about 859 of this magnetic
moment. This 269, increase in the earth’s mag-

netic moment could have considerable effect on
cosmic-ray observations except for the nearness
of the outer ring current belt to the magneto-
spheric boundary.

The total energy of this quiet-day ring cur-
rent is 12.7 X 10™ ergs, 58% of which is con-
tained by the lower emergy protons (¥ < 50
kev). The difference between the 33.5-y field
predicted by Sckopke’s [1966] first-order rela-
tion and the 41-y field obtained by integrating
over the currents could be reduced by including
the field energy of the ring current.
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Comparison with observations. Magnetic ob-
servations by Explorer 12 indicated that there
were two deficiencies in the Mead [1964] model
of the geomagnetic field [Mead and Cahill,
1967]. First, the inclusion of a neutral-sheet tail
field would probably explain the enhanced twist-
ing and expansion of field lines along the flanks
of the magnetosphere. Second, the field of the
quiet-day ring current (Figure 2) would explain
the observed deviations from Mead’s model
illustrated in Figure 4. This conclusion is not
significantly altered by the 269 increase (4-7 y)
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in the surface current field due to the presence
of these internal plasmas.

Based on the analysis of terrestrial magnetic
data Cain [1966] determined the existence of a
statistically significant external field of 26.41 .
The component of this field parallel to the
dipole axis is 20.8 y and is directed southward.
The 41-y southward-directed field of the quiet-
day ring current is necessary to explain these
surface observations. The field of the surface
currents is directed northward and is about
26 y , when enhanced by 26%, for a subsolar

TABLE 5

Values of the theta component of the magnetic field in gammas produced by a ring current band of
charged particles described by the parameters: NoE. = 138 kev/em?, Ry = 3.5, 1 = (1 Rg)™, g2 = (1.2 Rg)™?
a = 2.5. Negative values denote opposed in sense to geomagnetic field. By symmetry the theta component

is zero at 90° latitude.

Geocentric Latitude, deg
Distance,
Re 80 70 60 50 40 30 20 10 0
1.0 -3.6 -7.2 -10.5 -2»13.6. -16.1 -18.1 -19.5 -—20.3 -20.6
1.4 -3.5 -7.0 -105 -13.8 -16.5 -—18.3 -—-19.5 -—20.1 -—20.3
1.8 -3.1 -—-6.4 -99 -139 -17.0 -189 -19.9 -19.9 -20.0
2.2 —-2.6 —5.5 —-8.7 -12.7 -16.9 -—-204 -—-21.4 —-20.3 —-20.4
2.6 —2.1 -—4.4 -7.2 -10.7 -15.9 -—22.5 -23.9 -—-22.3 -22.9
3.0 —-1.6 -3.4 —5.6 —-8.6 —13.8 -—22.0 -25.0 -26.2 —26.9
3.4 -1.2 =25 —4.1 -6.4 -10.5 -—-17.6 —22.8 —28.8 —29.3
3.8 —-0.8 -—1.8 —-2.9 —4.4 -6.8 -—-10.9 -17.5 -27.0 -27.1
4.2 —-0.6 -—1.2 -1.9 -2.7 -3.7 -5.0 -11.0 -20.2 -—20.1
4.6 -0.4 -0.8 -1.1 -1.5 —1.6 -1.3 -5.0 -10.6 -—10.9
5.0 —-0.2 —-0.4 —0.6 —-0.7 —0.3 0.6 —0.6 -1.9 —2.6
5.4 -0.1 -0.2 —0.2 -0.1 0.4 1.5 2.1 3.8 2.9
5.8 0.0 -0.1 0.0 0.2 0.8 1.9 3.4 6.2 5.6
6.2 0.0 0.1 0.2 0.5 1.0 2.0 3.7 6.5 6.2
6.6 0.0 0.1 0.3 0.6 1.1 2.0 3.6 5.8 5.8
7.0 0.1 0.2 0.3 0.6 1.1 1.9 3.2 4.9 5.1
7.4 0.1 0.2 0.4 0.6 1.1 1.8 2.9 4.0 4.3
7.8 0.1 0.2 0.4 0.6 1.0 1.6 2.5 3.3 3.6
8.2 0.1 0.2 0.4 0.6 1.0 1.5 2.2 2.8 3.0
8.6 0.1 0.2 0.4 0.6 0.9 1.3 1.9 2.4 2.5
9.0 0.1 0.2 0.4 0.6 0.8 1.2 1.6 2.0 2.1
9.4 0.1 0.2 0.3 0.5 0.8 1.1 1.4 1.7 1.8
9.8 0.1 0.2 0.3 0.5 0.7 1.0 1.3 1.5 1.6
10.2 0.1 0.2 0.3 0.5 0.6 0.8 1.1 1.3 1.4
10.6 0.1 0.2 0.3 0.4 0.6 0.8 1.0 1.2 1.2
11.0 0.1 0.2 0.3 0.4 0.5 0.7 0.9 1.0 1.1
11.4 0.1 0.2 0.2 0.4 0.5 0.6 0.8 0.9 0.9
11.8 0.1 0.1 0.2 0.3 0.5 0.6 0.7 0.8 0.8
12.2 0.1 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
12.6 0.1 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.7
13.0 0.1 0.1 0.2 0.3 0.4 0.4 0.5 0.6 0.6
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TABLE 6

Values of the radial component of the magnetic field in gammas produced by a ring current band of
of charged particles described by the parameters: NoE = 138 kev/cmd, Ry = 3.5, g1 = (1 RBg)1, g2 =
(1.2 Rg)™, a = 2.5. Negative values denote opposed in sense to geomagnetic field. By symmetry the radial

component is zero at 0° latitude.

Geocentric Latitude, deg
Distance,
Ry 920 80 70 60 50 40 30 20 10
1.0 22.2 20.6 19.7 18.1 16.0 13.3 10.2 6.9 3.5
1.4 21.6 20.4 19.7 18.4 16.3 13.3 10.0 6.7 3.3
1.8 20.6 19.8 19.5 18.8 17.2 13.3 9.7 6.2 2.9
2.2 19.3 18.7 18.8 18.8 18.2 14.1 10.2 5.4 2.1
2.6 17.6 17.3 17.6 18.1 18.5 16.3 12.3 4.2 1.4
3.0 15.9 15.6 16.1 17.0 18.1 18.6 15.6 3.8 1.8
3.4 14.1 13.9 14.5 15.5 17.2 19.7 18.4 5.7 3.7
3.8 12.4 12.3 12.9 13.9 15.7 18.9 19.3 9.4 6.4
4.2 10.9 10.8 11.3 12.3 14.0 16.9 18.1 13.0 8.5
4.6 9.5 9.5 9.9 10.7 12.1 14.5 15.9 14.7 9.4
5.0 8.3 8.3 8.6 9.3 10.4 12.1 13.4 14.3 8.9
5.4 7.3 7.2 7.5 8.0 8.9 10.0 11.1 12.4 7.6
5.8 6.4 6.3 6.5 7.0 7.6 8.4 9.1 10.0 6.1
6.2 5.6 5.5 5.7 6.0 6.5 7.0 7.5 7.8 4.7
6.6 4.9 4.9 5.0 5.2 5.5 5.9 6.1 6.0 3.6
7.0 4.4 4.3 4.4 4.5 4.8 4.9 5.0 4.7 2.8
7.4 3.9 3.8 3.9 4.0 4.1 4.2 4.2 3.7 2.2
7.8 3.4 3.4 3.4 3.5 3.6 3.6 3.5 3.0 1.7
8.2 3.1 3.0 3.0 3.1 3.1 3.1 2.9 2.4 1.4
8.6 2.7 2.7 2.7 2.7 2.7 2.7 2.5 2.0 1.1
9.0 2.4 2.4 2.4 2.4 2.4 2.3 2.1 1.7 0.9
9.4 2.2 2.1 2.1 2.1 2.1 2.0 1.8 1.4 0.8
9.8 2.0 1.9 1.9 1.9 1.9 1.8 1.6 1.2 0.7
10.2 1.8 1.7 1.7 1.7 1.7 1.6 1.4 1.1 0.6
10.6 1.6 1.6 1.6 1.5 1.5 1.4 1.2 0.9 0.5
11.0 1.5 1.4 1.4 1.4 1.3 1.2 1.1 0.8 0.4
11.4 1.4 1.3 1.3 1.3 1.2 1.1 1.0 0.7 0.4
11.8 1.2 1.2 1.2 1.1 1.1 1.0 0.8 0.6 0.3
12.2 1.1 1.1 1.1 1.0 1.0 0.9 0.8 0.6 0.3
12.6 1.0 1.0 1.0 1.0 0.9 0.8 0.7 0.5 0.3
13.0 1.0 0.9 0.9 0.9 0.8 0.7 0.6 0.5 0.2

distance of 11 Rj. The field of the split solenoid
tail field model, measured half a tail radius
ahead of the configuration, is about a sixth of
the field within the geomagnetic tail and is
directed southward. For an 18-y tail field the
predicted external field at the earth is 18 y and
is directed southward in excellent agreement
with Cain’s observations.

Analysis of premises. A self-consistent solu-
tion of the geomagnetic field including this quiet-
day ring current field, to which a realistic tail
field has been joined, indicates the geomagnetic

field is nearly dipolar in both magnitude and
configuration for L < 7 on the dayside and for
L < 6 on the nightside Schield [1968]. Beyond
these distances the geomagnetic field will en-
hance the nightside ring current while decreasing
the dayside ring current relative to the current
based on a dipole field configuration. No com-
pensation for these effects has been made in view
of the conservative evaluation of the maximum
equatorial energy density of the low-energy par-
ticles forming the outermost portion of the ring
current.
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Although the exact configuration of the mag-
netospheric electric field is unknown, estimates
of its magnitude are all below a mv/m in the
equatorial plane. A 1-mv/m field would balance
the gradient drift of particles below 15 kev
beyond 7 Ry of the earth. Since at least half of
the enmergy density at L = 6.0 is carried by
protons above 30 kev [Frank, 1967; Figure 11],
the electric field may be considered a perturba-
tion, albeit a very large perturbation. It does
not seem reasonable, however, to evaluate the
quiet-day ring current and field in any greater
detail [Hoffman and Bracken, 1967] until the
energy density distributions are known for vari-
ous local times and the configuration and mag-
nitude of the electric field are more adequately
defined.
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